Summary: Gastro-intestinal nematodes (GIN) of sheep are one of major constraints in grazing production
INTRODUCTION
Grazing is economically justified practice in sheep production since these animals the most rationally transform the grass to proteins necessary for human consumption (Vujić et al., 1980) . However, in this management system, it is practically impossible to avoid the invasion of different types of parasites that contaminate pastures. Invasion with ubiquitous gastro-intestinal nematodes (GIN) is the most important limiting factor in the intensive sheep breeding around the world, due to economic losses and the specificities of different ways for its control (Vujić et al., 1980; West et al., 2009) . Different measures against GIN include controlled grazing, breeding and nutrition strategies, anthelmintic drugs and biological control. The use of anthelmintic drugs was the main control tool in the past since it is the easiest, the most efficient and the cheapest, and there is a tendency that this will continue in the future (Cvetković, 1976; Sargison, 2012) . However, the development and the worldwide extent of anthelmintic resistance (AR) to different drug classes, with frequent occurrence of multi-drug resistant isolates, threaten the sustainability of their use (Kaplan, 2004; Papadopoulos et al., 2012; Rose et al., 2015) . Similar to other countries, there is preliminary evidence of AR to ivermectin in Serbia as well (Simin et al., 2014) , which is later confirmed (Simin et al., in preparation) .
In sheep flocks where the reliance to drugs is the sole option for GIN control, the accumulation of resistant nematodes that could negatively affect the life, health, welfare and productivity of animals is the most important issue of contemporary production. That is why the integrated parasite control strategy was developed, with main goal to fight against GIN using combined measures approach (Waller, 1999) . The use of nematophagous fungi to limit pasture infectivity is one of the most promising tools of integrated control, with Duddingtonia flagrans as one of the most efficient species because of its ability to survive the passage through animals digestive tract and trap larvae in faeces . This leads to decrease of larval population on herbage resulting in lower availability for sheep, which prevents both clinical and subclinical infection.
Different isolates of D. flagrans examined in numerous experiments with number of nematode species of domestic and some wild animals showed various level of trapping activity. In previous trial we have evaluated the isolate of D. flagrans MUCL 9827 against infective larvae (L3) of sheep GIN in coproculture assay, but its efficacy, measured through larval reduction percentage, was low (Simin et al., 2012) . The aim of this experiment is to examine in vitro nematophagous activity of the isolate against sheep L3 on different medium, where direct interaction between fungus and L3 could be observed.
MATERIAL AND METHODS
Fungus isolate. D. flagrans MUCL 9827 was obtained from Mycothèque de l'Université Catholique de Louvain (MUCL), Belgium. The isolate was first discovered in England by Duddington (1949) , named as Trichothecium flagrans, and deposited to fungal collection of Centraalbureau voor Schimmelcultures (CBS) in Utrecht, Netherlands in 1950, where it got identification number CBS 565.50. In 1968 CBS deposited the isolate to MUCL in Belgium, where it was designated as MUCL 9827 (http://bccm.belspo.be/catalogues/mucl-strain-details?NUM=9827). The species was named as Duddingtonia flagrans by Cooke (1969) and renamed to Arthrobotrys flagrans by Scholler et al. (1999) , but similarly to others (Skipp et al., 2002; Wang et al., 2015) , we used the name D. flagrans to maintain continuity in publications regarding biological control.
Preparation of culture media and fungal suspension. D. flagrans MUCL 9827 was grown for four weeks in commercial potato dextrose agar (PDA; Biolife, Italy) at 25°C before the start of the trial, to collect chlamidospores. Nematophagous activity of the isolate against infective larvae (L3) of sheep GIN was tested on 2% water agar with addition of chloramphenicol to inhibit bacterial growth (2% CHF-WA), which was prepared according to Shams Ghahfarokhi et al. (2004) . Chlamidospores of D. flagrans were collected in suspension and their number per milliliter was determined as described in previous experiment (Simin et al., 2012) .
Preparation of infective larvae. Faeces were collected from 10 naturally infected ewes from a sheep farm in Srbobran, Vojvodina province, where Haemonchus contortus predominates. The samples were pooled, and incubated for 7 days at 27°С to collect L3 according to Roberts and O'Sullivan (1950) . After collection, L3 were cleaned with sucrose (MAFF, 1986) and the number per milliliter of suspension was determined. L3 were not identified to genus/species level.
Trial design. Nematophagous activity of D. flagrans MUCL 9827 was evaluated according to Gonzales Garduno et al. (2005) and Campos et al. (2009) , with some modifications. The growth of isolate and interaction with L3 were examined on 2% CHF-WA poured in four series of three small diameter (5.5 cm) Petri plates. In the first series, D. flagrans was cultivated for 7 days on PDA as described above, and then a piece of medium (6 mm diameter) with one week old mycelium was placed in the centre of each plate using agar block technique (Shams Ghahfarokhi et al., 2004) . The plates from series 2 and 3 were seeded with 500 and 1000 chlamidospores, respectively, and cultivated for 7 days at 25°C. At Days 0 and 5 of the trial, 500 L3 were added to all plates (including three series with D. flagrans and control with no fungal material). All plates were incubated at 25°C during 10 days in the dark, and trapping activity was monitored under stereomicroscope (A. Krüsse Optronic, Germany) at magnification of 40x. Trapped larvae were imaged using BIM-321T trinocular microsope (Budapesti Távcső Centrum, Budapest, Hungary).
Calculation of reduction and statistical analysis. After 10 days, the agar from all series was removed from Petri plates using metal spatula, wrapped in gauze and L3 were collected using Baermann technique (Zajac and Conboy, 2006) . The number of remaining L3 in for each plate was determined. Percentage of reduction (PR) of larvae was calculated according to Terrill et al. (2004) : PR= 100 -(mean larval yield in fungus group x 100/ mean larval yield in control group). The effect of D. flagrans MUCL 9827 against L3 was assessed using one-way ANOVA in Statistica XIII (p≤0.05).
RESULTS
The viability of L3 on 2% CHF-WA was good during the study period. Since some dead L3 were observed at Days 3-5, addition of 500 new L3 at Day 5 ensured that there was a sufficient number of L3 which actively migrated through the mycelium.
The growth of the mycelium was different between series. In series 1, mycelium of D. flagrans MUCL 9827 slowly expanded from centered PDA disc during the study period. However, it did not reach the edge of 5.5 cm Petri plate even after 10 days of observation. In series 2 and 3, mycelium sparsely covered the whole surface of 2% CHF-WA during first 7 days, and there was no significant change in its development during the trial.
Nematophagous activity of D. flagrans MUCL 9827 against L3 of sheep GIN was observed, with L3 being captured in the head, body and tail region (Image 1). Image 1. Nematophagous activity of D. flagrans MUCL 9827: one (1; magnification 100x) and many trapped L3 (2; magnification 40x); L3 caught in the head (3) and oesophageal (4) region (magnifications 250x).
Image 2. Nematophagous activity of D. flagrans MUCL 9827: trophic hyphae (black arrows) and chlamidospore (white arrow) within the body of L3 (magnifications 250x).
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However, the activity was very low, since it was observed in only one (series 3) out of nine plates with fungal material. For that reason, calculation of neither PR nor statistical analysis was performed. Poor activity was observed due to almost complete absence of traps. In almost all cultures only a trap-like loops of mycelium were observed, but L3 undisturbedly wriggled through them. The adhesive network developed only in the plate seeded with 1000 chlamydospores and massive trapping occurred in 24 hours after addition of L3. In that plate, traps were not formed diffusely but were located in three separate areas on agar surface. The L3 were trapped only in those areas and no further trap development was recorded even after addition of new L3 at Day 5. Stagnation in trapping activity was observed after the first 24 hours, with only a few new L3 caught at a daily basis until Day 7. There was still a number of active L3 moving freely across agar surface, which were not trapped until the end of observation period. At Day 10, some of previously caught L3 freed from mycelium and moved with detached traps adhered to their body.
In trapped L3, there was evidence that they were used as a food source for fungal colony, since trophic hyphae and chlamidospores were developed within their body (Image 2).
DISCUSSION
Current findings clearly proved nematophagous activity of D. flagrans MUCL 9827 against L3 of sheep GIN. Furthermore, the finding of trophic hyphae and chlamydospores within the body of L3 proved that they were used as a food source by fungal colony since chlamydospores in larval body form after digestion occurred (Wang et al., 2015) . The existence of predatory behavior of D. flagrans MUCL 9827 is in accordance with findings of Duddington (1949) who also observed trapping effect during isolation process. On the contrary, Waller and Faedo (1993) and Den Belder and Jansen (1994) did not observe predation of this isolate against sheep and root knot nematodes, respectively.
Quantitative evaluation of isolate ability to reduce the number of L3 on 2% CHF-WA was missed due to absence of nematophagous activity in almost all cultures. The lack of predation was firstly attributed to sparse mycelium growth of the isolate. Boguś et al. (2005) tested several isolates of D. flagrans on different solid and liquid media, and determined that D. flagrans CBS 565.50 (or MUCL 9827) grow more slowly than others on some substrates (e.g. Saburaud dextrose agar). Also, this isolate grows better on nutrient rich media compared to poor (Boguś et al., 2005) , and the appearance of sparse colonies on 2% WA is considered as typical of D. flagrans (Chandrawathani et al., 2002; Shams Ghahfarokhi et al., 2004; Gonzales Garduno et al., 2005) . Slower growth in vitro does not necessarily mean poorer nematophagous activity. For example, Danish isolates that grow faster on culture media did not have better trapping results compared to slower ones (Fernández et al., 1999) . Also, hyphal density does not determine the trapping ability of nematophagous fungi, as shown in three isolates of Arthrobotrys oligospora (Den Belder and Jansen, 1994) . Despite poor growth on the same medium, other researchers found very good activity of other isolates of D. flagrans against different animal parasitic nematode L3 (Araujo et al., 2010; Braga et al., 2013a; Braga et al., 2013b; Campos et al., 2009; Gonzales Garduno et al., 2005; Sanyal, 2000) . It is known that different isolates of the same species of fungi show various trapping success (Araújo et al., 1993; Den Belder and Jansen, 1994) , including D. flagrans (Larsen et al., 1991) . It is recorded that even equal doses of the same isolates had different efficacy against the same parasite species in separate studies, like Danish isolate D. flagrans Troll A versus L3 of Cooperia oncophora, for example (Fernández et al., 1999; Grønvold et al., 2004) . Different trapping potency also exists, since some isolates need smaller inoculum size compared to others to obtain good trapping effect (Mendoza de Gives and Vasquez-Prats, 1994) . Relative inefficacy of D. flagrans in current trial could be a consequence of poor nematophagous activity of the isolate MUCL 9827.
Predatory activity also depends on ability of the isolate for trap production and on the number of developed traps on surface area unit. Most of authors claim that D. flagrans produces traps only following stimulation with nematodes (Rosenzweig, 1984; Den Belder and Jansen, 1994; Boguś et al., 2005; Anan'ko and Teplyakova, 2011) . On the contrary, Arias et al. (2013) observed spontaneous trap development of Mexican isolate FTHO-8 after 5 days of growth on corn meal agar. According to Wang et al. (2015) , D. flagrans can develop traps spontaneously in case of frequent passage and larval stimulation of an isolate, which was not performed in case of D. flagrans MUCL 9827. Direct contact with live and active L3 is a very important stimulus for trap development of D. flagrans (Grønvold et al., 1996; Morgan et al., 1997) . However, a recent study showed that dead helminths (trematodes and nematodes), as well as their secretory products, also stimulate the production of traps (Arias et al., 2013) . Except living nematodes, other soil organisms like earthworms and insect larvae as well as addition of some peptides can also stimulate transformation from saprophytic to predatory phase in closely related species A. oligospora (Nordbring-Hertz, 1977) .
According to Anan'ko and Teplyakova (2011) , there are two important preconditions for development of traps by D. flagrans. Firstly, the concentration of carbon and nitrogen in growing medium has to be below the threshold required to trigger nutrition stress, and secondly, mycelium has to be stimulated with nematode excretory products or by addition of known concentrations of amino acids. When grown on nutrient rich media where nutritious stress is lacking, the fungus develops fewer traps (Morgan et al., 1997; Gonzales Garduno et al., 2005) . Rosenzweig (1984) recorded that despite good growth D. flagrans failed to produce traps on both nutrient rich and poor media, even after addition of different amino acids and peptides. Traps developed within 24-48 hours only after addition of live nematodes Panagrellus silusiae. Similarly, the presence of L3 of horse cyathostomins was of vital importance for production of traps on 2% WA for two Brazilian isolates of D. flagrans (AC001 and CG722) (Braga et al., 2011) . Substrates poor in nutrients (like 2% WA) are convenient for trap development since nematophagous fungi use the ability to feed animal organisms only when exposed to nutritious stress (Nordbring-Hertz, 1968 ). However, it seems that the presence of nematodes is not the sole factor for the development of nematophagous structures, and that this phenomenon is strongly dependent on other factors like nutrient level, temperature, moisture, pH, light, О 2 /СО 2 level (Nordbring-Hertz, 1968) .
Taking into account all previous facts, it was real to expect the occurrence of nematophagous activity of D. flagrans MUCL 9827 on 2% CHF-WA after addition of 1000 active L3 of sheep GIN. All series were cultured under the same conditions (medium, pH, temperature, light, moisture, О 2 /СО 2 level) and stimulated with the same number and species of L3. Despite this, it seems that only in one plate with fungal material the complex factors were optimal for trap development. Nematophagous activity was recorded in a plate seeded with 1000 chlamydospores, which suggests that critical stress level required for transformation to predatory phase was achieved only in that plate, while it appears that in others there was were still enough nutrients. Boguś et al. (2005) also recorded lack of trap production for five isolates of D. flagrans (including MUCL 9827) since, as they concluded, there was sufficient concentration of available carbon and nitrogen which prevented transformation from saprophytic to predatory phase of the fungus on poor nutrient media.
Sufficient level of nutrients could be one of the reasons for absence of nematophagous activity in the current trial. Apart from 2% WA in series 1, discs of PDA could be the food source for the mycelium. In series 2 seeded with 500 chlamydospores there was, probably, not enough time for the culture to spend all nutrients below stress level, considering the speed of growth of the isolate. In series 3 seeded with 1000 chlamydospores, critical stress level is achieved only in one plate, but lacked in other two.
In vitro trials with nematophagous fungi are commonly performed on agarized media, so the composition of nutrients and biologically active compounds differs in various parts of the substrate (Anan'ko and Teplyakova, 2011) . Despite this, the age and physiological maturity of the mycelium is significantly heterogeneous. Therefore, the results of quantitative investigation on the physiology of predatory fungi are often imprecise and variable between studies of different authors (Anan'ko and Teplyakova, 2011). In the current trial, there is a possibility that the traps of D. flagrans MUCL 9827 developed on places where the highest number of chlamydospores germinated (the oldest culture), or at places with the lowest concentration of nutrients within 2% WA, which resulted in their clustered appearance.
It is known that in vitro activity of some isolates of nematophagous fungi does not provide strong indications of their predatory capacity in natural environment, as illustrated by Galper et al. (1995) . In their trial, Dactyella candida 023 and Arthrobotrys dactyloides А4 showed very poor activity on corn meal agar compared to soil, opposite to nematophagous effect of A. oligospora M2. Further experiments using D. flagrans MUCL 9827 are needed to more closely evaluate its predatory ability, especially regarding in vivo studies.
CONCLUSION
Our previous (Simin et al., 2012) and current results showed nematophagous activity of D. flagrans MUCL 9827. Although the effect of fungus was poorer in this compared to other studies, certain success was achieved, since this is the first time after more than 65 years following results of Duddington (1949) that D. flagrans MUCL 9827 demonstrated trapping ability.
The isolate was inconsistent in L3 trapping at in vitro conditions of this trial, as shown by the appearance of its activity only in one out of nine plates with fungal material which could be the consequence of absence of nutritional stress. Further investigations are required in order to examine and to understand complex factors that trigger transition of D. flagrans MUCL 9827 from saprophytic to predatory phase. Due to potential difference in predatory performance compared to in vitro results, the isolate should be tested in vivo especially since it is not known whether it can survive the passage through gastro-intestinal system of sheep, which is a prerequisite for its use as a successful biocontrol agent in control of GIN infections. 
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